Time-series observations of geochemical tracers and diazotroph abundances in the northern subtropical gyres suggest variability in nitrogen fixation on interannual and longer timescales. Using a highly idealized model of the biogeochemistry and ecology of a subtropical gyre, we explore the previously proposed hypothesis that such variability is regulated by an internal "biogeochemical oscillator." We find, in certain parameter regimes, self-sustained oscillations in nitrogen fixation, community structure and biogeochemical cycles even with perfectly steady physical forcing. During the oscillations of nitrogen fixation, "blooms" of diazotrophs occur at intervals between a year and several decades, consistent with the observed variability. The period of the oscillations is strongly regulated by the exchange rate between the thermocline and mixed-layer waters. The oscillatory solutions occur in a relatively small region of parameter space, but one in which the relative fitness of diazotrophs and non-diazotrophs are closely matched and the time-averaged biomass of each class of phytoplankton is maximized.
Introduction: Decoupling of ocean nitrogen and phosphorus cycles
The nitrogen and phosphorus cycles are globally tightly coupled in the ocean. They are dominated by the biological consumption of dissolved inorganic forms in the mixed layer, the export of organic forms to depth and subsequent remineralization. They are subject to common physical transport processes, riverine and atmospheric sources (Benitez-Nelson, 2000; Gruber, 2004) , and burial in sediments. Redfield (1934) noted that these common processes lead to a tight relationship between the dissolved inorganic nitrogen and phosphorus (DIN and DIP) and the stoichiometry of bulk organic matter in the global ocean. Recently, emphasis has been placed on understanding the decoupling of nitrogen and phosphorus due to the more rapid oceanic turnover of nitrogen by nitrogen fixation and denitrification (Fanning, 1992; Gruber and Sarmiento, 1997) . Nitrogen fixation in the ocean is largely performed by a variety of diazotrophic phytoplankton in the pelagic ocean including colonial cyanobacteria, unicellular cyanobacteria (Zehr et al., 2001) , as well as some endosymbiotic diazotrophs observed in diatoms (Carpenter et al., 1999) . A great deal of 4 Bates and Hansell, 2004) , where N * differs only by a constant offset. These tracers measure variations in inorganic N:P relative to the Redfield ratio, R Phy = 16 (Redfield et al., 1963; Ho et al., 2003; Quigg et al., 2003) . Increasing values of these tracers following water parcel trajectories are interpreted to reflect diazotrophic activity. They have been used to assess integrated nitrogen fixation rates in the subtropical North Atlantic (Gruber and Sarmiento, 1997; Hansell et al., 2004) . Conversely, decreasing values following water parcels are interpreted as signatures of denitrification.
In extremely oligotrophic regions, phytoplankton may also satisfy their resource requirements by utilizing dissolved organic forms of nitrogen (DON) (Karl et al., 1997; Zehr and Ward, 2002; Berman and Bronk, 2003; Varela et al., 2005) and phosphorus (DOP) (Björkman et al., 2000; Björkman and Karl, 2003) . DOP utilization has also been noted in Trichodesmium Sohm and Capone, 2006) . Hence it might be more appropriate to include the organic forms in the metric of the relative abundance of biologically available nitrogen and phosphorus. We consider an analog of DIN xs
where TDN and TDP are total dissolved nitrogen and phosphorus (this corresponds to the proN * tracer proposed by Dennis Hansell and Nick Bates; personal communication; see also Landolfi et al., 2008) . TDN xs measures the excess of nitrogen for the total dissolved pools.
Here we consider TDN xs = 0 as the transition point between nitrogen and phosphorus limitation in the case where phytoplankton have Redfieldian elemental ratios and may consume dissolved both inorganic and organic forms. Observations in the subtropical oceans, at the Hawaii Ocean Time-series (HOT; Karl, 2002) and Bermuda Atlantic Time-series Study (BATS; Bates and Hansell, 2004) sites, provide an unparalleled view of the temporal variation in local N-P decoupling. Both reveal interannual to decadal variations of TDN xs and/or DIN xs . Here we focus on interpreting the observations at HOT (Fig. 1) . There, TDN xs decreases monotonically with depth. Negative values in the thermocline (<−4 µmol kg −1 ) reflect the regional influence of denitrification in the oxygen minimum zone (500 to 1500 m; Gruber and Sarmiento, 1997; Deutsch et al., 2001) . TDN xs exhibits strong temporal variability, swinging between positive and negative values in the upper ocean with an amplitude of more than 1 µmol kg −1 . This suggests a flip-flop between phosphorus and nitrogen limitation (TDN xs > 0 and TDN xs < 0 respectively) and, perhaps, nitrogen fixation (Karl et al., 1997; Karl, 2002) . Interannual variability is also evident in the DIN xs record of the North Atlantic and the mechanisms discussed here may also be relevant in that basin. Suggested mechanistic explanations for these interannual changes include physical forcing related to large-scale climate variability, based on comparisons between ENSO and NAO indices and upper ocean DIN xs and TDN xs (Karl et al., 1995 (Karl et al., , 1997 Bates and Hansell, 2004) . Changes in atmospheric forcing can affect mixed-layer stratification and the aeolian deposition of iron: a more stratified upper ocean may favor oligotrophy, high light conditions, and thus Trichodesmium growth and nitrogen fixation (LaRoche and Breitbarth, 2005 ). An increase in aeolian iron deposition may alleviate iron stress imposed by the high demand of diazotrophs (Sanudo-Wilhelmy et al., 2001) . Karl (2002) suggested an alternative explanation for the variability. He hypothesized an internal ocean "diazotroph oscillator" in which nitrogen limitation in the surface waters stimulates nitrogen fixation and an export of nitrogen-rich organic detritus. The excess nitrogen accumulates in the thermocline and is eventually brought to the surface by winter entrainment. This drives the mixed layer to phosphorus limitation. Diazotrophy is suppressed, TDN xs declines and surface waters return to a nitrogen-limited regime.
Here we demonstrate that such an internal oscillation is possible in an idealized numerical model of the nitrogen and phosphorus cycles in subtropical gyres (Section 2). We will show that, even in the absence of variable external forcing, such a system can sustain a "diazotroph oscillator" leading to a periodic nitrogen fixation (Section 3). We will use the model to elucidate how the relative fitness of the model phytoplankton relates to environmental conditions and show how the timescale of the oscillations depends strongly on the rate of ventilation of thermocline waters (Section 4).
A model of subtropical nitrogen and phosphorus cycles
We employ a highly idealized, two-layer representation of the N and P cycles in a subtropical gyre (Fig. 2) . The layers reflect a surface mixed layer (order 100 m thick) and a permanent thermocline (order 1000 m thick), which annually exchange a volume comparable to the integrated Ekman pumping and the seasonal deepening (entrainment) of the mixed layer (Williams, 2001 ). We choose not to represent any variability of the physical environment, keeping the model simple in order to explore the internal variability of the system. We explicitly represent the transport and biological transformations of DIN, DIP (dissolved inorganic N and P), DON, DOP (dissolved organic N and P), PON and POP (particulate organic N and P). We measure biomass using phosphorus as the currency since it is globally conserved in the model though either resource could be used for this purpose. The full prognostic equations and model parameter ranges are listed in Tables 1, 2 and 3. We resolve two broad functional classes of phytoplankton: diazotrophs (Dia) and all other phytoplankton (Phy), using parameterizations that have much in common with the Table 1 . Surface layer prognostic equations. Here pp represents primary production by Phy (nondiazotroph phytoplankton) and dp is primary production by Dia (diazotrophs). 
Physical transport − Γ P (pp + dp) Table 2 . Thermocline prognostic equations. R rest is the TDN xs towards which the thermocline is restored in a simple parameterization of denitrification. τ rest is the restoring time scale.
Restoring term (19) Table 3 . Parameter values of the control case (Fig. 3) . The right column presents the range of measured parameter values from the literature which is explored in sensitivity studies. τ rest is the timescale with which thermocline DIN xs is restored towards the target value, reflecting the vigor of denitrification and import of N-depleted waters. The values for the diazotrophic parameters are all based on Trichodesmium data. (a) for annual maximum depth in subtropical gyres (Boyer-Montegut et al., 2004) ; (b) for North Pacific subtropical gyre (Qiu and Huang, 1995) , whereas the North Atlantic subtropical gyre: 50−150 m yr −1 (Marshall et al., 1993) ; (c) Tyrrell (1999) ; Dutkiewicz et al. (2001); Fennel et al. (2002) ; (d) for Trichodesmium (LaRoche and Breitbarth, 2005) ; (e) Capone et al. (1997) ; (f) Redfield et al. (1963) ; Ho et al. (2003) ; Quigg et al. (2003) ; (g) Klausmeier et al. (2004) ; (h) Libes (1992) . The initial conditions used in the model are: Phy = 10 −2 , Dia = 10 −3 , previously published models of Tyrrell (1999) and Fennel et al. (2002) . Non-diazotrophic phytoplankton are assumed to have a Redfieldian elemental ratio (R Phy = N:P = 16:1; Table 3 ), and diazotrophs a fixed N:P ratio of 60 (LaRoche and Breitbarth, 2005) . Dia and Phy are constrained to occur only in the surface layer (Fig. 2) in a simple representation of light limitation. Nutrient-limited growth of both functional types is represented by a Michaelis-Menten relationship (Dugdale, 1967 ) with a smaller maximum specific growth rate (µ in d −1 ) for Dia, due to the high energetic cost of nitrogen fixation. This is consistent with observed growth rates (Tables 1 and 3 ). Both organism types are subject to phosphorus limitation. As for nitrogen, we assume that Dia acquires all of its nitrogen by fixation, while Phy may also be limited by the availability of dissolved N, following Liebig's law of the minimum. Here, we also allow both phytoplankton types to consume DOP and/or DON when the inorganic equivalent forms are in limiting concentration. Growth is thus limited by the availability of total dissolved P or N (TDP or TDN; Table 1 , Eqs. 12 and 13). We assume that utilization of the organic form is energetically more expensive for phytoplankton, in the idea that phytoplankton invest more machinery into photoautotrophy. This should make them more likely to use inorganic than organic nutrients. We impose an arbitrary 60% decrease in maximum growth rate (f DOM ) when using organic forms for both autotroph classes. We also impose that inorganic and organic nutrients are utilized in proportion to their relative abundance (e.g. Γ P = DIP/(DIP + DOP)). In this idealized study we do not explicitly represent a dynamic iron cycle but focus instead on N and P dynamics as the possible driver of a internal "diazotroph oscillator". Iron limitation by a constant environmental concentration could be considered as folded into the differential of maximum growth rates of Phy and Dia. In this idealized framework, grazing and mortality of Phy and Dia are represented as simple linear loss terms (Eqs. 4 and 5). We impose a reduced mortality for Dia since Trichodesmium have been observed to have fewer predators (Capone et al., 1997) . Detritus is partitioned into a dissolved and particulate organic matter pools (DOM and POM) in fixed fraction S (Libes, 1992) . POM is assumed to sink rapidly and to be completely remineralized in the thermocline, while DOM is transported by the vertical mixing (ventilation) and may be remineralized in either the mixed layer or the thermocline. We parameterize denitrification simply, restoring DIN so as to drive DIN xs toward a prescribed value in the thermocline (Eq. 19), reflecting either local denitrification or mixing with waters denitrified elsewhere in the ocean. Phosphorus is thus conserved over the whole domain. Nitrogen is not; its dynamic budget is determined by the balance between nitrogen fixation and the parameterized denitrification. We initialize the model with plausible values of the prognostic variables, and integrate it forward in time for several hundred years until a statistically steady state is reached.
Model results: A diazotroph oscillator
We explore the model's behavior over a plausible range of biogeochemical parameter values, guided by observations and laboratory measurements (see the Literature (Range) column in Table 3 ). In much of the explored parameter space, the model reveals perfectly steady solutions in which both diazotrophs and other phytoplankton co-exist (Fig. 3) . This follows the ecological theory for co-existence, since two resources or "limiting factors" are present in the modeled environment (Armstrong and McGehee, 1980) . In the illustrated example, diazotrophs persist with considerably lower biomass than the other phytoplankton (0.5×10 −3 µmolP kg −1 and 3×10 −3 µmolP kg −1 for diazotrophs and other phytoplankton respectively). These modeled concentrations compare favorably (given the highly idealized nature of the system) with the general character of the observed concentrations at HOT, which vary between 0.3 and 1.3 ×10 −3 µmolP kg −1 for diazotrophs (Karl et al., 1997; Fennel et al., 2002) , and 7 and 20 ×10 −3 µmolP kg −1 for the total phytoplankton population Table 3 . 3 . In these non-oscillatory model regimes interannual variations of nitrogen fixation must be forced externally in response to changes in the physical environment, for example.
Nevertheless, in some regions of the explored parameter space, the model exhibits oscillatory solutions supporting the notion of a self-sustained diazotroph oscillator (Karl, 2002) . In these regimes, the abundances of diazotrophs and other phytoplankton vary in regular cycles, with period ranging from a year or two to several decades (e.g. Fig. 4) . The oscillations occur in the absence of any externally imposed physical or biogeochemical variability. Figure 4 illustrates an example relevant to the North Pacific subtropical gyre, with ventilation rate of about 30 m yr −1 and a relatively strong sink of nitrogen in the thermocline (2 year restoration timescale for thermocline DIN xs ; Table 3 ). The illustrated solution has a period 3. Assuming a P:Chl ratio of 0.10 µmolP kg −1 (mg Chl m −3 ) −1 (Fasham et al., 1990 ). Table 3 ). (a) Biomass of diazotrophs (Dia) and non-diazotrophic phytoplankton (Phy); (b) TDN xs in the mixed layer and thermocline. The inset numbers represent the different steps of the "diazotroph oscillator" and are recalled in the schematic of the oscillator in Figure 5 ; (c) TDN and 16×TDP in the mixed layer. Physical forcing and all parameter values are constant. Time variation is the result of an internal "biogeochemical oscillator". of 3.5 years, not inconsistent with the character of the interannual variability observed at HOT (see section 1 and Fig. 1 ). The order of magnitude of the modeled phytoplankton abundance is broadly in agreement with the HOT observations (Dia ∼ 1×10 −3 µmolP kg −1 and Phy ∼ 3 × 10 −3 µmolP kg −1 ). Such a highly idealized system can never precisely capture such a complex real system in all details. Modeled TDN xs concentrations also vary over a range consistent with the observations: between −1.3 to 2.1 µmol kg −1 . The modeled nitrogen fixation rate, ∼25 × 10 −2 molN m −2 yr −1 , is somewhat larger than observed in the vicinity of Hawaii, (3.1−5.1 × 10 −2 molN m −2 yr −1 ; Karl et al., 1997) , but is sensitive to the assumed N:P ratio of the diazotrophs and the accessibility of organic phosphorus. It also reflects the very crude vertical resolution of the model where nitrogen fixation occurs throughout the mixed layer with a fixed 100 m thickness. We also see a diazotroph oscillator in solutions with parameter values more appropriate to the North Atlantic subtropical gyre: [67, 1 faster subduction rates (V ∼50−150 m yr −1 ) and a weaker influence of denitrification in the thermocline (τ rest ∼5-10 yr).
a. Mechanism of the diazotroph oscillator
The model's diazotroph oscillator switches between a nitrogen limited regime ( Fig. 4 ; TDN xs < 0, phases 1 and 4) and a phosphorus limited regime (TDN xs > 0, phases 2 and 3). In the nitrogen limited regime (Fig. 4; phase 1) , where only non-diazotrophs are nitrogen limited, diazotrophs are competitive and their population increases. This "blooming" of diazotrophs creates relatively nitrogen-rich organic matter in the mixed layer. Since export ratios are low in the oligotrophic oceans, much of this organic material is remineralized in the surface ocean increasing mixed layer TDN xs (Figs. 4b and 4c , phases 1 and 2) and driving surface waters to phosphorus limitation. Diazotrophs are no longer competitive because of their relatively slow growth rate and their population declines again to very low abundance (Figs. 4a and 4b, phase 2). Subsequently, dilution by denitrified thermocline waters draws down the TDN xs of the mixed layer back to a nitrogen limited regime (Fig. 5) .
The mechanism of the model's oscillator is broadly consistent with that hypothesized by Karl (2002) but differs in some details. Since most organic matter is remineralized close to the surface and denitrification occurs at depth, in the model entrainment of thermocline waters represents a sink of surface TDN xs , rather than a source. The extent to which this is the case depends upon the bio-availability of the dissolved organic nitrogen pool which is assumed to be fully available in the model for simplicity.
b. What regulates the period of the oscillation?
The TDN xs record at Hawaii indicates variability of nitrogen fixation on timescales of a few years (Karl, 2002) . Evidence for "regime shifts" in this region are also suggestive of decadal variations . Sensitivity studies with the numerical model over the range of biogeochemical parameter values (Table 3 ) reveal oscillatory solutions with periods between ∼1 and ∼30 years. In the model, the phase of increasing diazotroph population and surface TDN xs is relatively rapid (Figs. 4 and 5) . The period is largely determined by the rate at which mixed-layer TDN xs (TDN xs1 ) declines back towards a nitrogen limited regime (phases 3 and 4). Assuming negligible concentration of Dia and a linear decline of TDN xs1 (details in the Appendix), we can approximate the rate of change in TDN xs1 as a function of the mixing with thermocline TDN xs (TDN xs2 (Fig. 4b) . We estimate the time interval, ∆t, over which the system returns to nitrogen limited conditions, i.e. the approximate period of the oscillation:
where ∆TDN xs1 is the amplitude (µmol kg −1 ) of the changes in mixed-layer TDN xs . The timescale is inversely related to the ventilation rate, V , the rate of exchange of denitrified Marshall et al., 1993) .
Sensitivity studies also show that the amplitude of the oscillations increases with the "fitness" of diazotrophs relative to the other phytoplankton, as measured by µ/M, the ratio of their maximum growth and mortality rates (Section 4). 
Ecological regimes in the model
The numerical model supports the hypothesis that a diazotroph oscillator could drive (at least some of) the observed interannual and longer timescale changes in ecosystem structure and nitrogen fixation in the subtropical gyres . On the other hand, this behavior is only evident in certain parameter regimes. Under what circumstances do oscillatory solutions occur?
We examine a suite of tens of integrations, covering a broad region of parameter space, to tease out further insight into the viability of the diazotroph oscillator in this particular system. We examine the model solutions in the context of the relative fitness of Dia and Phy, here measured by the ratio of maximum growth rate and mortality: (µ/M) Dia and (µ/M) Phy (Fig. 7) . Each plotted point represents a single solution of the model. Three broad regimes are evident: non-oscillatory solutions with co-existing non-diazotrophs and diazotrophs (diamonds), non-oscillatory solutions where diazotrophs exclude the other phytoplankton (crosses), and oscillatory solutions where both functional types co-exist (circles). Each regime occupies a clearly defined region in the µ/M space (sketched and annotated in Fig. 7b ).
In the regime where (µ/M) Dia < (µ/M)
Phy the relatively low mortality of diazotrophs is outweighed by their slow maximum growth rate (Fig. 7a, diamonds) . Nitrogen and phosphorus are both potentially limiting and co-existence is supported. In this idealized model, both organism classes are assigned the same half-saturation for phosphorus uptake, K P , and both are assumed able to utilize either organic or inorganic phosphorus. When TDP/(TDP + K P ), a measure of the degree of phosphorus limitation, approaches 1 phosphorus is no longer limiting and, as long as the environmental N:P ratio is not too far from Redfield, growth may no longer be significantly limited by the availability of macro-nutrients. In this situation, where the diazotrophs low maximum growth rate more than compensates for their reduced mortality their abundance becomes very low, though they are never completely excluded.
Phy , the model diazotrophs exclude other phytoplankton.
Here, the relatively fit diazotrophs thrive and the remineralization of the nitrogen-rich organic detritus derived from them relieves nitrogen limitation. In this regime, where phosphorus is the single limiting resource, diazotrophs exclude the other phytoplankton. The slow growth rate of Trichodesmium in laboratory cultures suggests that this situation, if at all plausible, would have to be due to low mortality and weakened top down control. Observations suggest that diazotrophs do not typically dominate the phytoplankton population in terms of biomass except, perhaps, in very local bloom conditions. Oscillatory solutions occur in a small region close to the line where (Fig. 7) , but within the region where non-diazotrophs are fitter. Assuming steady state for both phytoplankton (Eqs. 4 and 5), we may infer the TDP concentration at which each population could maintain an equilibrium
where i is either Dia or Phy. This concentration is equivalent to the "R * " of resource competition theory (Tilman, 1977) . In a perfectly steady, single-resource environment, the organism type with the lowest R * should exclude all others (Stewart and Levin, 1973) . Since
Phy and Dia have the same K P , the continuous line of equal µ/M is where both organisms have the same R * , i.e. each could exist at equilibrium. Hence the oscillatory solutions with co-existence occur when the two organism classes are characterized by very similar R * values. They are closely matched in terms of this measure of fitness. It is interesting to note that the time-averaged biomass of both Phy and Dia are maximized along the line where P hy and Dia fitnesses are equal. This maximization of biomass and productivity is right on top of the oscillatory solutions. That the oscillatory solutions occur in a very narrow region of parameter space may suggest that this situation should be considered unlikely to occur in reality. On the other hand, this special region of parameter space, makes evolutionary sense: in an oligotrophic environment photo-autotrophs must evolve towards the low R * of their fit competitors if they are not to be excluded. It is also the region where biomass and primary productivity are maximized. Perhaps then, this narrow region of parameter space where the biogeochemical oscillator also reflects an evolutionary stable state for the ocean's subtropical gyres. However, more studies are needed at this point to fully understand the reason why the oscillator is located in such a region of the parameter space. [67, 1
Summary and discussion
We have developed an idealized model of the nitrogen and phosphorus cycles and ecosystem of subtropical gyres. We have explored the possibility that an internal biogeochemical oscillator might exist in the subtropical gyres, giving rise to some of the observed interannual to decadal variability in surface water biogeochemistry and ecology near Hawaii Karl, 2002) .
Though highly simplified, the model can capture some of the character of the diazotrophic and non-diazotrophic populations and surface water biogeochemistry in the northern subtropical gyres. Of course, such a highly idealized model cannot accurately simulate the dynamic ocean in all details. However, such models can be useful for elucidating and exploring the mechanisms of complex systems: With certain, plausible combinations of the biogeochemical parameters, this model exhibits oscillatory solutions in which surface biogeochemical and ecosystem properties vary cyclically on annual to decadal timescales in the absence of any time dependent forcing. The timescale and amplitude of the temporal variations of TDN xs in the model are not inconsistent with part of the variability observed near Hawaii. Further analysis of the model (mathematical scaling and numerical) indicates that the period of the oscillation strongly depends on the rate of exchange of mixed-layer and thermocline waters and could lie between several years and several decades for the North Pacific subtropical gyre regime, but would likely be shorter (only a year or so) in the North Atlantic.
Our study provides theoretical support for the suggestion that some part of the interannual to decadal variability of TDN xs , DIN xs , nitrogen fixation and ecosystem structure observed in the subtropical North Pacific and North Atlantic might be attributable to an internal, biogeochemical oscillator. Without doubt external forcing such as shifts in climate regimes are also significant and internal and external mechanisms of variability may be interwined, possibly even phase-locked. We note that this simple model does not intrinsically produce shorter timescale variability which is also observed near Hawaii, possibly driven by synoptic variability in external forcing or fine scale ocean structures not reflected at all in this idealized framework.
Over most of physical and biogeochemical parameter space explored we find completely steady solutions. Oscillatory solutions occur only in a narrow region of parameter space, suggesting at first glance that the diazotrophic oscillator is unlikely to occur in nature. However, this region is where the relative fitness of the modeled diazotrophs and other phytoplankton is closely matched. It is ecologically plausible that organisms have evolved such to enable their co-existence and maximize productivity. Perhaps this narrow region of parameter space is the ecologically relevant regime.
In addition to continued observations at the subtropical time-series sites, further theoretical studies might help to resolve such questions, with some clear candidates for next steps. While the role of iron has been much simplified in the present study, which already expresses complex dynamics, an extension of this work to include this third limiting resource should be informative. A corresponding suite of numerical modeling studies with three-dimensional ocean circulation and biogeochemistry models including the role of iron limitation (e.g. Hood et al. (2004) ; Coles and Hood (2007) ) will prove useful as well as ecological models with freer, self-assembling representations of microbial populations (Follows et al., 2007) . Such experiments can test the mechanistic understanding emerging from this simplified model in a more realistic setting. A suite of computationally demanding integrations will be necessary to cover the appropriate parameter space in a more realistic setting. However, current advances in computational capabilities mean that this capability is now within our reach. The relative lability and bio-availability of organic forms of N and P (Clark et al., 1998; Aluwihare et al., 2005) also plays a role in regulating the ecology and biogeochemistry of the oligotrophic oceans, including the possibility and nature of the oscillator. Current models, including this one, deal with this issue in an extremely simplistic way, partly reflecting the general need for greater understanding on this topic.
In summary, for the first time an idealized model has been used to support and illustrate the hypothesized internal biogeochemical oscillator in the subtropical oceans, driving cycles of nitrogen fixation and its geochemical indicators. The model provides a framework in which to explore the underlying ecology which regulates the occurrence and properties of the system. Though the biogeochemical oscillator occurs in only a small region of ecological parameter space, it is one which the relative fitness, co-existence and primary production of this simple system are optimal.
APPENDIX

Approximate solution for dTDN xs1 /dt
We determine a simplified, approximate solution for the decline of the mixed layer TDN xs in phases 3 and 4 (Figs. 4 and 5) . The mixed layer TDN xs is defined as dTDN xs1 /dt = dTDN 1 /dt − 16dTDP 1 /dt, where the mixed layer concentrations of TDN and TDP are TDN 1 = DIN 1 +DON 1 and TDP 1 = DIP 1 +DOP 1 respectively. We assume that diazotrophs have a negligible concentration (Dia ≈ 0) in phases 3 and 4 (see Fig. 4a ) and rewrite equations for TDN 1 and TDP 1 using Eqs. (6-11) such that:
Because the N:P stoichiometry of non-diazotrophic phytoplankton is Redfieldian (R Phy = 16) these two equations simplify to one for mixed layer TDN xs :
If the decline of the mixed layer TDN xs is almost linear (see Fig. 4b , phases 3 and 4) then mixed layer TDN xs is negligible relative to the thermocline TDN xs (TDN xs1 TDN xs2 ), which is valid to first order (TDN xs1 ≈ 0 and TDN xs2 ≈ −6). Thus the decline of the mixed layer TDN xs is a function only of the rate transfer of thermocline TDN xs to the surface.
